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INTRODUCTION 


Introduction:  Breast  cancer  arises  in  part  because  inappropriate  growth  and  survival  signals 
encourage  a  cell  to  divide  and  grow  when  it  should  not  (1-3).  Another  component  of  the  cellular 
transformation  process  is  the  inability  of  a  cell  to  apoptose  in  the  presence  of  these  inappropriate 
oncogenic  signals  (1-2).  The  majority  of  human  breast  cancers  overexpress  c-Myc,  leading  to 
genomic  instability,  inappropriate  cell  cycle  progression  and  interestingly  to  apoptosis  (4,5).  In 
the  past,  our  laboratory  and  others  have  focused  on  uncovering  molecular  pathways  responsible 
for  mediating  c-Myc’s  apoptotic  effect  (6,7,8).  In  the  process  we  have  uncovered  several 
pathways  that  are  responsible  for  inhibiting  c-Myc-mediated  apoptosis.  One  of  the  pathways 
which  provided  a  strong  survival  signal  in  our  model  (Myc83,  mouse  mammary  carcinoma  cells 
from  MMTV-c-wyc  tumor)  was  the  PI3K/Akt  pathway  (9).  Not  only  did  EOF  stimulation  of 
Myc83  cells  result  in  the  immediate  activation  of  Akt,  but  also  this  activation  prevented 
apoptosis  of  these  cells  (9).  When  a  constitutively  activated  Akt  molecule  was  permanently 
introduced  into  Myc83  cells,  they  were  dramatically  protected  from  apoptosis  induced  by  a 
PDl  53035  tyrosine  kinase  inhibition-mediated  EGFR  signaling  block  (9).  In  search  of  upstream 
regulators  of  Akt,  our  lab  discovered  that  EGF-mediated  Akt  activation  was  diminished  or 
abolished  by  calcium  chealation  and  inhibitors  of  calcium-calmodulin,  suggesting  that  calcium 
signaling  molecules  in  Myc83  cells  were  important  modulators  of  EGF,  signaling  upstream  of 
Akt.  Currently,  our  group  is  uncovering  the  exact  molecular  components  responsible  for  the 
survival  effect  of  calcium  and  calmodulin. 

Calcium,  a  known  and  important  intracellular  signaling  molecule,  exerts  many  of  its 
signaling  poperties  by  interaction  with  a  calcium  binding-protein  called  calmodulin  (10-12). 
Calmodulin,  coupled  with  calcium  are  able  to  interact  with  and  activate  a  variety  of  kinases 
termed  calcium-calmodulin  dependent  protein  kinases  (CaM  kinases)  (10-12),  CaM  kinases  are 
extensively  studied  in  the  nervous  system,  where  they  play  a  critical  role  in  intra-neuronal 
signaling  and  in  muscular  tissue  where  many  of  their  substrates  have  been  identified  including 
cytoskeletal  proteins  such  as  actin  and  myosin  (10-12).  Their  role  in  mammary  epithelium 
signaling  was  virtually  unknown  until  a  few  years  ago. 

Recently,  however,  the  role  of  certain  calcium/calmodulin  dependent  protein  kinases  has 
been  explored  in  a  number  of  epithelial  tissues  and  two  CaM  kinases  have  been  discovered  to 
play  a  potential  tumor  suppressive  role  in  cancer.  DAP  kinase  (Death  associated  protein  kinase), 
in  particular,  has  been  extensively  studied  and  well  characterized  as  a  pro-apoptotic  protein  in 
response  to  INF-gamma,  TNFa  and  CD  95  ligand  (13,14).  DAP  kinase  is  lost  in  30%  of  human 
breast  cancers,  suggesting  it  may  function  as  a  tumor  suppressor  in  transformed  cells  (13,14). 

In  2000,  an  intriguing  CaM  kinase  was  discovered;  it  was  upregulated  in  the  mammary 
gland  during  pregnancy  and  expressed  in  human  mammary  carcinomas.  In  particular,  the  CaM 
kinase  was  expressed  in  MMTV-c-Myc  transgenic  mouse  mammary  tumor  cell  lines.  This  new 
mouse  CaM  kinase  is  called  PNCK  (pregnancy-upregulated  nonubiquitous  CaM  kinase)  (15). 

This  CaM  kinase,  PNCK,  had  similarities  to  CaM  kinase  I,  and  was  upregulated  during  mouse 
mammary  glad  development  and  specifically  expressed  in  the  adult  mouse  during  pregnancy  (15, 

1 6).  Interestingly,  PNCK  was  expressed  at  the  highest  levels  in  late  pregnancy,  when  alveolar 
epithelial  cells  exit  the  cell  cycle  and  differentiate  (16).  PNCK  was  also  upregulated  in  cultured, 
over-confluent  and  serum-starved  cells  compared  to  actively  growing  mammary  epithelial  cells 
(16).  These  findings  suggest  that  PNCK  expression  is  inversely  related  to  proliferation  in 
mammary  epithelial  cells.  Additionally,  PNCK  was  upregulated  in  a  number  of  human  breast 
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tumor  samples,  but  not  in  benign  tissue.  PNCK  was  also  upregulated  in  a  subset  of  human 
breast  cancer  cell  lines  and,  interestingly,  specifically  upregulated  in  mouse  mammary  tumors 
resulting  from  MMTV-driven  overexpression  of  c-Myc,  but  not  from  tumors  derived  from  other 
MMTV-oncogene-driven  transgenic  mice  (16).  These  observations  suggest  that  PNCK  is  also 
associated  with  transformation  of  the  mammary  epithelium,  and  possibly  in  a  c-Myc  associated 
manner. 

As  mentioned  above,  we  have  recently  carried  out  a  series  of  investigations  that  uncover 
the  survival  mechanism(s)  employed  in  MMTV-c-Myc  carcinoma  cells  derived  from  mouse 
mammary  tumors.  In  these  cells,  which  overexpress  calmodulin,  a  unique  role  of  calcium  and 
calmodulin  was  uncovered,  as  we  observed  that  calmodulin  can  be  activated  in  an  EGF  and 
calcium-dependent  manner  to  mediate  PI3  kinase  and  resultant  Akt  activity. 

Our  lab  hypothesized  that  PNCK  expression  opposes  the  Akt  activating  properties  of 
CaM  in  c-Myc-expressing  mouse  mammary  carcinoma  cells  (Myc83).  The  relationship  between 
PNCK  and  Akt  in  regulation  of  EGF  signaling,  upstream  of  Akt  in  mouse  mammary  carcinoma 
cells  is  currently  being  investigated  in  our  lab. 

PNKC  is  a  novel,  and  completely  uncharacterized  protein.  In  general  CaM  kinases’  role 
in  mammary  epithelial  cell  proliferation  and  transformation  are  virtually  unexplored  with  the 
only  known  exception  being  DAP  kinase,  a  CaM  kinase  which  has  demonstrated  a  potentially 
strong  tumor-suppressive  function  (13,14).  Because  of  these  facts,  and  because  of  the  potential 
therapeutic  benefit  of  characterizing  such  a  novel  kinase,  we  initially  proposed  to  clone  the 
human  PNCK  gene  and  investigate  its  role  in  human  breast  cancer  cells. 
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BODY: 


APPROVED  REVISED  STATEMENT  OF  WORK: 

Hypothesis:  We  propose  that  PNCK,  the  pregnancy  upregulated  nonubiquitous  CaM  kinase,  has  an  anti¬ 
proliferative  or  pro-apoptotic  effect  on  mammary  epithelial  cells  during  or  after  the  transformation 
process. 

Aim  1;  We  aim  to  clone  the  human  PNCK  gene  and  functionally  characterize  its  role  in  mammary 
carcinoma  cells. 

Aim  la:  Cloning  of  the  human  PNCK  gene.  [STATUS:  Completed] 

Aim  lb:  Express  PNCK  in  a  transient  and  stable  manner,  as  well  as  PNCK  mutants  in  human 
mammary  carcinoma  cells  compared  to  empty  vector  control.  [STATUS:  Ongoing  experiments] 

Aim  Ic:  Functionally  determine  the  effect  of  PNCK  expression  and  PNCK  mutants  on  cell 
proliferation  and  apoptosis  in  vitro.  [STATUS:  Ongoing] 

Aim  2:  We  aim  to  clone  the  PNCK  promoter  and  determine  the  fundamental  transcriptional  regulatory 
elements  controlling  PNCK  expression. 

Aim  2a:  Clone  the  PNCK  promoter.  [STATUS:  Not  yet  begun] 

Aim  2b:  Promoter  analysis  to  determine  basic  transcriptional  regulation  of  the  human  PNCK 
gene.  [STATUS:  Not  yet  begun] 

Aim  2c:  Determine  the  relationship  between  c-Myc  and  PNCK  regulation.  [STATUS:  Not  yet 
begun] 


Progress  Aim  1; 

Hypothesis:  We  propose  that  PNCK,  the  pregnancy  upregulated  nonubiquitous,  CaM  kinase  has  an  anti¬ 
proliferative  or  pro-apoptotic  effect  on  mammary  epithelial  cells  during  or  after  the  transformation 
process. 

Aim  1 :  We  aim  to  clone  the  human  PNCK  gene  and  functionally  characterize  its  role  in  mammary 
carcinoma  cells. 

Aim  la:  Cloning  of  the  human  PNCK  gene. 

Since  the  mouse  gene  has  been  cloned,  sequenced  and  mapped  to  the  Xq28  chromosome,  we  cloned  the 
human  PNCK  by  using  the  mouse  sequence  and  screening  human  EST  databases  for  homologous 
matches.  Search  of  the  EST  database  revealed  a  recently  published  nucleotide  GeneBank  entry  U521 1 1, 
which  sequenced  through  the  entire  human  Xq28  region.  Within  that  entry  was  a  human  gene  similar  to 
CaM  kinase  1(17).  The  DNA  sequence  of  the  CaM  kinase  similar  to  human  CaM  kinase  I  was  89% 
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homologous  to  the  mouse  PNCK  gene  sequence  and  95%  conserved  at  the  protein  level  (17).  With  this 
information,  we  assumed  that  the  gene  published  in  the  Xq28  sequence  was  the  human  PNCK  gene. 
Using  the  human  U521 1 1  sequence,  we  searched  the  EST  data  base  for  possible  image  clones  and  found 

2  possible  matches  from  a  cDNA  male  human 
brain  library  enriched  for  full-length  clones. 

The  image  clones  were  purchased  and 
sequenced  in  total.  The  human  PNCK  gene  was 
obtained  by  PCR  of  those  clones  (see  Figure  1). 


Figure  1:  Human  PNCK  was  cloned  by  PCR  of 
express  sequence  tag  number  5194959. 
Sequencing  revealed  that  human  PNCK  is  89% 
homologous  to  the  mouse  PNCK  gene  and  95% 
conserved  at  the  protein  level. 


Human  PNCK  PCR  of  5194959 

—  PNCK 

Next  we  cloned  the  PNCK  into  a  phCMV-HA-tagged  expression  vector  (Gene  Therapy  Systems,  Inc., 
San  Diego,  CA)  and  verified  both  the  full  sequence  and  proper  orientation. 

Aim  lb:  Transient  and  stable  expression  of  PNCK,  and  PNCK  mutants  in  human  mammary  carcinoma 
cells  compared  to  empty  vector  control. 


After  cloning  PNCK  into  the  CMV  driven  phCMV-HA  tagged  vector,  we  verified  its  expression  in 
COS-7  cells  using  a  rabbit  polyclonal  antibody  generated  and  purified  by  our  laboratory  (see  Fig.  2). 

1:1000  HA+  1:5000  1:10000  HA-I- 


Figure  2.  phCMV-PNCK-HA  and  ph-PNCK  expression  verified  in  Cos  7  cells  with  rabbit  polyclonal 
sepcific  PNCK  antibody. 

Next  we  generated  mammary  carcinoma  cells  that  constitutively  express  PNCK.  We  chose  two  cell  lines 
that  were  negative  for  the  pro-apoptotic  kinase  DAP-kinase,  since  DAP  kinase  might  confound  our 
results,  MCF-7,  T47D.  I  transiently  introduced  PNCK  into  the  human  breast  cancer  cell  lines  by  lipid 
transfection  method  with  LIPOFECTAMINE  2000  (Invitrogen)  and  selected  stable  clones  via  exposure 
to  G418  for  two  to  three  weeks.  Both  C-terminal  HA-tagged  and  untagged  stable  clones  were  generated 
in  MCF-7  and  T47D  (Figure  3).  The  polyclonal  antibody  developed  against  the  C-terminal  portion  of 
PNCK  did  not  detect  the  HA-tagged  PNCK.  Commercially  available  HA  antibodies  were  therefore 
employed  to  detect  PNCK-HA. 
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MCr-7  Stable  Transfectants 


MCF«7  stables 


Figure  3.  Generation  of  stable  PNCK  and  PNCK-HA  expressing  MCF-7  and  T47D  cells. 

After  4  to  6  passages  post  selection  and  screening,  Pnck  expression  was  lost  in  MCF-7  and  T47D  stable 
cells  expressing  PNCK  (see  Figure  4). 


MCF-7  Tet-on  transient 

Pnck  transfected  {Spg)  ^ 

Dox  ~  ^ 

(ng/ml)  O  C?  %  j  ^  ^ 

48  hours  24  hours 

\ 

\ 

% 

Figures:  Regulated  transient  expression  of  PNCK  by  doxycycline  in  MCF-7  Tet-On  cells. 

Alternative  Approach  to  Aim  lb.  Generation  of  Tetracycline-regulated  PNCK-expressingTet-ON  MCF- 
7  cells. 


Because  constitutive  expression  of  PNCK  was  not  maintained  through  initial  expansion  of  stable  clones, 
I  cloned  the  PNCK  gene,  both  tagged  and  untagged,  into  the  pUHD  10-3  vector  which  possesses  a 
tetracycline  responsive  element  (TRE).  This  was  introduced  into  MCF-7  cells  generated  to  possess  the 
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reverse  tetracycline  trans-activator  (rtTA),  obtained  from  Doug  Yee  (University  of  Minnesota).  In  the 
presence  of  tetracycline  or  Doxycycline,  the  Tetracycline  transactivator  is  able  to  activate  the 
tetracycline-responsive  element  onpUHD  10-3  and  drive  expression  ofPNCK.  Tetracycline-regulated, 
MCF-7  Tet-On  cells  transiently  transfected  with  a  TRE  driving  PNCK  (pUHD-lO-3-PNCK) 
demonstrate  PNCK  expression  in  response  to  doxycycline  (See  Figure  5). 

Eduction  of  PNCK  by  Dox  in  the  stable  MCF-7  Tet-On  system  has  proven  to  be  problematic. 
Specifically,  generation  of  stable  inducible  clones  has  proved  to  be  nearly  impossible.  Twice,  Tet- 
inducible  clones  were  generated,  and  screened  for  doxycycline  inducibility.  After  screening  over  fifty 
individual  clones  and  ten  pooled  clones,  we  have  yet  to  identify  a  single  clone  that  expresses  PNCK 

upon  exposure  to  DOX.  We  are  now  attempting  to  optimize  a  transient  approach  to  PNCK  expression 
lor  functional  characterization. 


Aim  Ic:  Functionally  determine  the  effect  of  expression  of  PNCK  and  PNCK  mutants  on  cell 
proliferation  and  apoptosis  in  vitro. 

ptalytically  inactive  PNCK  mutants  and  mutants  deleting  the  CaM  regulatory  domain  were  generated 
by  site-directed  mutagenesis.  These  will  be  used  in  our  analysis  of  PNCK  effects  on  cell  cycle  and  cell 
death.  The  mutants  generated  are  listed  below: 

PNCK  MUTANTS: 

-Pnck  mut/K48M,  Pnck  mut/K49M  and  Pnck  mut/K48,49M:  disruption  of  ATP  binding  site  (kinase 
reaction) 

-Pnck  mut/T171A,  direct  phosphorylation  site  mutant 
-Pnck  mut/W296K,  mutation  of  Calmodulin  binding  site 


Since  stable  expression  of  PNCK  has  proven  difficult,  we  will  transiently  introduce  PNCK  into  cells 

investigating  PNCK’s  role  on  cell  proliferation  and  cell  death.  We  will  evaluate  whether 
PNCK  inhibits  cell  cycle  by  transfecting  PNCK,  PNCK  kinase  dead  mutant  and  vector  control  into 
MCF-7,  T47D  and  MDA-MD  231  and  evaluate  effects  of  PNCK  on  cell  function  on  a  cell-by-cell  basis. 
This  will  be  done  by  selecting  for  transfected  cells  by  immuno-fluorescence  with  our  Pnck  antibody  and 
with  the  HA  antibody.  Positive  cells  will  be  evaluated  for  changes  in  cell  cycle.  FACS  analysis  will  be 
performed  companng  the  percentage  of  cells  in  Gl,  S,  G2  and  M  phases,  using  PNCK  and  PNCK 
mutants  v.y.  vector  control.  The  effect  on  PNCK  and  PNCK  mutants  on  apoptosis  will  be  determined  by 
oechst  staining  of  nuclear  moiphology,  compared  to  vector  controls.  Comparison  of  apoptotic  death 
between  PNCK,  PNCK  mutants  and  control  will  be  determined  by  Annexin  staining  and  apoptotic 
morphology  in  positive  cells.  Alternatively,  Pnck  function  may  be  analyzed  on  a  cell-by-cell  basis  with 
co-transfection  of  Green  fluorescent  protein,  followed  by  cell  sorting  for  GFP  positive  cells  and  then 
subsequent  analysis  of  cell  cycle  and  apoptotic  changes. 

If  no  effect  is  seen  m  the  PNCK-transfected  cells,  we  will  determine  if  the  catalytically  inactive  mutants 
can  protect  breast  cancer  cells  from  pro-apoptotic  stimuli  such  as  INF-y,  FasL,  TNFa,  radiation. 

To  furfter  investigate  the  mode  of  action  of  PNCK  in  mammaiy  epithelial  cells,  PNCK  may  be  cloned 
into  a  FLAG-tagged  vector,  expressed  in  breast  cancer  cells  and  its  intracellular  localization  visualized 
by  immunostammg  with  an  anti-FLAG  antibody.  Changes  in  cellular  location  of  PNCK,  upon  exposure 
to  pro-apoptotic  stimuli,  will  also  be  evaluated  with  PNCK-FLAG-tagged  expression  in  breast  cancer 
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2;  We  aim  to  clone  the  PNCK  promoter  and  determine  the  fundamental  transcriptional  regulatory 
elements  controlling  PNCK  expression. 

Aim  2a:  Clone  the  PNCK  promoter: 

Aim  2b:  Promoter  analysis  to  determine  basic  transcriptional  regulation  of  the  human  PNCK 
gene. 

Aim  2c:  Determine  the  relationship  between  c-Myc  and  PNCK  regulation. 

Progress  on  Aim  2: 

To  date,  Aim  2  has  not  been  started;  we  leave  aim  2  unchanged. 

Aim  #2;  Year  2;  As  previously  expressed  in  the  revised  statement  of  work: 

We  aim  to  clone  the  PNCK  promoter  and  determine  the  fundamental  transcriptional  regulatory 
elements  controlling  PNCK  expression. 

Aim  2a:  Clone  the  PNCK  promoter: 

In  order  to  understand  the  basic  transcriptional  regulation  of  the  human  PNCK,  we  propose  cloning  of 
the  PNCK  promoter.  We  aim  to  do  this  by  cloning  the  PNCK  promoter  from  a  human  genomic  library 
by  using  the  PCR-based  Promoter  Finder  DNA  Walking  kit  (Promega).  Gene  specific  primers  will  be 
derived  from  the  5’UTR  of  the  human  PNCK  gene.  The  full  length  promoter  will  cloned  by  sequenced. 
The  transcription  start  site  of  the  human  gene  will  be  determined  using  primer  extension  analysis  with 
nested  primers  derived  from  known  DNA  sequence. 

Aim  2b:  Promoter  analysis  to  determine  basic  transcriptional  regulation  of  the  human  PNCK  gene. 

First,  sequence  analysis  of  the  promoter  will  be  performed  to  determine  the  presence  of  consensus 
transcription  factor  binding  sites  present  in  the  human  PNCK  promoter  sequence.  To  identify  the 
functional  promoter  elements  involved  in  PNCK  gene  regulation,  progressive  5’  deletion  mutants  will  be 
constructed  based  on  the  location  of  consensus  factor  binding  sites  on  the  promoter.  These  promoter 
mutants  as  well  as  the  wild-type  promoter  will  be  cloned  into  a  luciferase  vector,  transfected  into  human 
breast  cancer  cells  and  their  relative  luciferase  activity  will  be  assayed.  In  addition  to  the  5’  deletion 
mutations,  internal  mutation  and  deletions  will  be  made  by  PCR  based  site-directed  mutagenisis,  based 
on  the  results  of  the  5’  deletions.  These  internal  deletions  and  mutations  will  be  cloned  into  the 
luciferase  vector  for  transfection  into  human  breast  cancer  cells. 

Aim  2c:  Determine  the  relationship  between  c-Myc  and  PNCK  regulation. 

Since  MMTW-c-myc  but  not  MMTV-ra^  mice  demonstrated  a  specific  upregulation  of  PNCK  in  their 
mammary  tumors,  c-Myc  may  be  a  direct  transcriptional  regulator  of  PNCK  (16).  Using  unique,  stable 
c-Myc  expressing  mammary  epithelial  cell  line  created  in  our  laboratory,  (MCFIOA-Myc)  and  a  4-OHT 
regulatable  Myc,  Myc-ER  (MCFlOA-MycER)  we  can  determine  if  c-Myc  activity  results  in  PNCK 
expression  and  directly  investigate  the  relationship  between  c-Myc  and  PNCK  regulation  (18). 
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KEY  RESEARCH  ACCOMPLISHMENTS: 

-I  have  cloned  the  human  PNCK  gene  and  expressed  it  transiently  in  human  mammary  carcinoma  cells 
and  COS-7  cells. 

-I  have  determined  that  constitutive  stable  expression  of  PNCK  is  not  a  reliable  way  to  investigate 
PNCK  function. 

-I  have  generated  stable  cell  lines  expressing  PNCK  and  have  discovered  that  PNCK  expression  is 
abolished  4-6  passages  after  selection  during  expansion  of  the  cell  lines. 

-I  have  generated  a  transient  tetracycline  responsive  system  that  induces  PNCK  in  response  to  BOX  in 
MCF-7  cells. 

-I  have  determined  that  generation  of  the  MCF-7  Tet-ON-PNCK  cell  line  is  not  realistic. 

-We  have  generated  a  specific  rabbit  polyclonal  antibody  which  recognizes  PNCK  and  is  used 
successfully  in  Western  blotting.  Additionally,  this  antibody  is  being  optimized  for  use  in 
immunofluorescence. 

REPORTABLE  OUTCOMES; 

-Co-authorship  of  an  Experimental  Cell  Research  publication; 

Ramljak,  D.,  Coticchia,  C.,  Nishanian,  G.T.,  Saji,  M.,  Ringel,  M.D.,  Conzen,  S.D.,  and  Dickson,  R.B. 
Epidermal  Growth  Factor  Inhibition  of  c-Myc-Mediated  Apoptosis  through  Akt  and  Erk  Involves  Bcl-xl 
Upregulation.  Experimental  Cell  Research  287  (2):  397-410.  SEE  APPENDIX. 

-Co-authorship  on  a  submission  to  EMBO  journal: 

Deb,  T.B.,  Coticchia,  C.M.,  Dickson,  R.B.  Calmodulin  mediated  PI3  kinase/Akt  activation  regulates 
survival  of  a  c-Myc  overexpressing  mouse  mammary  carcinoma  cell. 

Subimitted:  EMBO  Journal  10-2003. 

CONCLUSIONS 

The  previous  stated  aims  attempt  to  characterize  a  novel  CaM  kinase  PNCK  both  in  its  function, 
regulation  and  activity.  The  work  done  cloning  and  expressing  the  PNCK  gene  to  date  has  been 
attempted  and  in  part  was  successful.  Generation  of  stable  expressing  PNCK  cell  lines  has  proven 
unsuccessful.  Both  constitutive  expressing  PNCK  mammary  carcinoma  cell  lines  and  regulatable, 
tetracycline-inducible  PNCK  expressing  MCF-7  Tet  On  cells  were  not  viable.  Our  focus  to  date  is  to 
optimize  a  transient  method  of  PNCK  expression  to  employ  in  our  experiments  determining  PNCK 
function  in  mammaiy  epithelial  cells.  A  number  of  new  reagents,  developed  for  PNCK,  will  aid  us  in 
our  investigation  of  PNCK  function.  These  include  a  specific  polyclonal  antibody  against  PNCK  used 
for  both  western  blotting  and  for  immunofluorescence  as  well  as  a  number  of  expression  vectors  driving 
wild  type  and  PNCK  mutants.  The  next  phase  of  experiments  will  be  performed  without  anticipated 
difficulty,  as  the  techniques  employed  are  those  that  have  been  utilized  successfully  in  this  lab  and  by 
this  investigator. 


10 


REFERENCES: 

1. M.  Dowsett,  C.  Archer,  L.  Assersohn,  R.  D.  Gregory,  P.A.  Ellis,  J.  Salter,  J.  Chang,  P.  Mainwaring,  I 

Boeddinghaus,  S.R.D.  Johnston,  TJ.  Powels,  and  I.E.  Smith  (1999)  Clinical  studies  of  apoptosis  and 

proliferation  in  breast  cancer.  Endocrine-Related  Cancer,  6:  25-28. 

2.  S.  Krajewski,  M.  Krajewska,  B.C.  Turner,  and  C.  Pratt,  et  al.  (1999)  Prognostic  significance  of 
apoptosis  regulators  in  breast  cancer.  Endocrine-Related  Cancer,  6:  29-40. 

3.  P.  Lipponen  (1999)  Apoptosis  in  breast  cancer:  relationship  with  other  pathological  parameters. 
Endocrine-Related  cancer,  6:  13-16. 

4.  S.L.  Deming,  S.J.  Nass,  R.B.  Dickson  and  B.J.  Trock  (2000).  C-Myc  amplification  in  breast  cancer: 
a  Meta-analysis  of  its  occurrence  and  prognostic  relevance.  Br.  J.  Cancer,  in  press. 

5.  L.M.  Facchini,  and  L.Z.  Penn  (1998).  The  molecular  role  of  Myc  in  growth  and  transformation: 
recent  discoveries  and  new  insights.  FASEB  J.,  12:  633-651. 

6.  G.C.  Prendergast  (1999)  Mechanisms  of  apotosis  by  c-Myc.  Oncogene,  18:  2967-2987. 

7.  A.O.  Hueber,  M.  Zoring,  D.  Lyon,  T.  Suda,  S.  Nagata,  and  G.I.  Evans  (1997)  Requirement  for  the 
CD95  receptor-ligand  pathway  in  c-Myc-induced  apoptosis.  Science  278:  1305-1309. 

8.  D.R.  Green  (1997)  A  Myc-induced  apoptosis  pathway  surfaces.  Science  278:  1246-1247. 

9.  D.  Ramljak,  C.M.  Coticchia,  T.G.  Nishanian,  M.  Saji,  M.D.  Ringel,  S.D.  Conzen,  and  R.B.  Dickson 
(2003).  Epidermal  growth  factor  inhibition  of  c-Myc-mediated  apoptosis  through  Akt  and  Erk 
involves  Bcl-Xl  upregulation  in  mammary  epithelial  cells.  Experimental  Cell  Research,  287:  397- 
410 

10.  S.S.  Hook  and  A.R.  Means  (2001).  Ca^VCaM-dependent  kinase:  from  activation  of  function.  Annu. 
Rev.  Pharmacol.  Toxicol.  41:  471-505. 

1 1.  C.  Sola,  S.  Barron,  J.M.  Tusell,  and  J.  Serratosa  (2001). The  Ca2+/calmodulin  system  in  neuronal 
hyperexcitability.  Int  J  Biochem  Cell  Biol.  33(5):  439-55 

12.  T.R.  Stodering  (2000).  CaM-kinases:  modulators  of  synaptic  plasticity.  Current  Oppinion 
Neurobiol,.10(3)  :375-80. 

13.  J.L.  Kissil,  E.  Feinstein,  O.  Cohen,  P.A.  Jones,  C.Y.  Tsai,  M.A.  Knowles,  M.E.  Eydmann,  A. 

Kimchi  (1997)  DAP-kinase  loss  of  expression  in  various  carcinoma  and  B-cell  lymphoma  cell  lines: 
Possible  implications  for  role  as  tumor  suppressor  gene.  Oncogene,  15:  403-407. 

14.  T.  Raveh  and  A.  Kimchi  (2001).  DAP-kinase  -a  proapoptotic  gene  that  functions  as  a  tumor 
suppressor.  Experimental  Cell  Research,  264:  185-192. 

15.  H.P.  Gardner,  J.V.  Rajan,  S.I.Ha,  N.G.  Copeland,  D.J.  Gilbert,  N.A.  Jenkins,  S.T.  Marquis,  L.A. 
Chodosh  (2000)  Cloning,  characterisation,  and  chromosomal  localization  of  Pnck,  a 
Ca2+/calmodulin-dependent  protein  kinase.  Genomics,  63:  279-288. 

16.  H.P. Gardner,  S.L  HA,  C.Renolds,  L.A.  Chodosh  (2000)  The  CaM  Kinase,  Pnck,  is  spatially  and 
temporally  regulated  during  murine  mammary  gland  development  and  may  identify  and  epithelial 
cell  subtype  involved  in  breast  cancer.  Cancer  Research,  60:  5571-5577. 

17.  Brenner  V,  Nyakatura  G,  Rosenthal  A,  Platzer  M.  (1997)  Genomic  organization  of  two  novel  genes 
on  human  Xq28:  compact  head  to  head  arrangement  of  IDH  gamma  and  TRAP  delta  is  conserved  in 
rat  and  mouse.  Genomics,  44:  8-14. 

18.  J.H.  Sheen,  R.B.  Dickson  (2002)  Overexpression  of  c-Myc  alters  G(l)/S  arrest  following  ionizing 
radiation.  Mol  Cell  Biol.  2002  Mar;22(6):l 819-33. 


11 


APPENDIX; 


1.)  D.  Ramljak,  C.M.  Coticchia,  T.G.  Nishanian,  M.  Saji,  M.D.  Ringel,  S.D.  Conzen,  and  R.B.  Dickson 
(2003).  Epidermal  growth  factor  inhibition  of  c-Myc -mediated  apoptosis  through  Akt  and  Erk  involves 
Bcl-Xl  upregulation  in  mammary  epithelial  cells.  Experimental  Cell  Research,  287:  397-410 


12 


ACADEMIC 

PRESS 


Available  online  at  www.sciencedirect.com 

SCIENCE  DIRECT® 


:NCE^I 


Experimental  Cell  Research  287  (2003)  397-410 


Experimental 
Cell  Research 


www.elseviencom/locate/yexcr 


Epidermal  growth  factor  inhibition  of  c-Myc-mediated  apoptosis 
through  Akt  and  Erk  involves  Bc1-Xl  upregulation 
in  mammary  epithelial  cells 

Danica  Ramljak,®’*  Christine  M.  Coticchia,®  Tagvor  G.  Nishanian,®  Motoyasu  Saji,** 
Matthew  D.  Ringel,^  Suzanne  D.  Conzen,'^  and  Robert  B.  Dickson® 

^  Depariment  of  Oncology,  Lombardi  Cancer  Center,  Georgetown  University,  Washington,  DC  20057,  USA 
^Section  of  Endocrinology,  Medstar  Research  Institute,  Washington  Hospital  Center,  Washington,  DC  200 JO,  USA 
^  Department  of  Medicine,  Section  of  HematologydOncology,  University  of  Chicago,  Chicago,  IL  60637,  USA 

Received  30  July  2002,  revised  version  received  10  February  2003 


Abstract 

In  earlier  studies,  we  and  others  have  established  that  activation  of  EGER  can  promote  survival  in  association  with  upregulation  of 
BcI-Xl-  However,  the  mechanism  responsible  for  upregulation  of  BcExl  is  unknown.  For  the  current  studies  we  have  chosen  pro-apoptotic, 
c-Myc-overexpressing  murine  mammary  epithelial  cells  (MMECs)  derived  from  MMTV-c-Myc  transgenic  mouse  tumors.  We  now 
demonstrate  that  EGER  activation  promotes  survival  through  Akt  and  Erkl/2.  Blockade  of  EGER  kinase  activity  and  the  PI3-K/Akt  and 
MEK/Erk  pathways  with  pharmacological  inhibitors  resulted  in  a  significant  induction  of  cellular  apoptosis,  paralleled  by  a  downregulation 
of  both  Akt  and  Erkl/2  proteins.  Consistent  with  a  survivahpromoting  role  of  Akt,  we  observed  that  constitutively  activated  Akt  (Myr-Akt) 
inhibited  apoptosis  of  pro-apoptotic,  c-Myc-overexpressing  cells  following  the  inhibition  of  EGER  tyrosine  kinase  activity.  In  addressing 
possible  downstream  effectors  of  EGER  through  activated  Akt,  we  detected  significant  upregulation  of  BcExl  protein,  suggesting  this 
pro-survival  protein  is  a  target  of  Akt  in  MMECs.  By  using  pharmacological  inhibitors  of  PI3-K/Akt  and  MEK/Erk  together  with 
dominant-negative  Akt  and  Erkl  we  observed  the  decrease  in  Bc1-Xl  protein.  Our  findings  may  be  of  importance  for  understanding  the 
emerging  role  of  Bc1-Xl  as  a  potential  marker  of  poor  prognosis  in  breast  cancer,  • 

©  2003  Elsevier  Science  (USA).  All  rights  reserved. 
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Introduction 

The  c-myc  gene  is  thought  to  play  an  important  role  in  the 
onset  and  progression  of  breast  cancer,  where  it  is  commonly 
amplified  and/or  overexpressed  [1,2].  Depending  on  the  avail¬ 
ability  of  survival  factors,  cells  that  constitutively  express 
c-Myc  undergo  proliferation,  growth  arrest,  or  apoptosis 
through  poorly  defined  mechanisms.  Previously,  we  dem¬ 
onstrated  that  an  epidermal  growth  factor  receptor  (EGFR)- 
mediated  survival  signaling  pathway(s)  inhibited  apoptosis 
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in  c-Myc-induced  transgenic  mouse  mammary  tumors  [3]. 
A  comparison  of  tumors  and  cell  lines  derived  from  bitrans- 
genic  tgf  a/c-myc  mice  with  those  from  single  transgenic 
c-myc  mice  indicated  that  only  the  latter  model  contained  a 
significant  fraction  of  apoptotic  cells  [3],  suggesting  that 
transforming  growth  factor  a  (TGFa)  protects  c-Myc-over- 
expressing  cells  from  apoptosis  in  vivo.  Further  in  vitro 
studies  of  c-Myc-overexpressing  mammary  tumor-derived 
cells  confirmed  that  EGFR  ligands,  acting  through  EGFR 
tyrosine  kinase  activity,  suppressed  apoptosis  and  upregu- 
lated  the  survival  molecule  Bc1-Xl,  at  both  mRNA  and 
protein  levels  [4].  However,  it  was  not  clear  which  path¬ 
ways  downstream  of  EGFR  are  responsible  for  these  effects. 

Presently,  there  is  limited  information  on  the  signaling 
pathways  linking  EGFR  to  the  regulation  of  cellular  sur- 
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vival  in  mouse  and  human  mammary  epithelial  and  carci¬ 
noma  cells.  However,  studies  in  some  nonmammary  epithe¬ 
lial  cells  (hepatic  carcinoma  cells  and  keratinocytes)  have 
identified  two  survival  pathways  downstream  of  EGFR: 
phosphatidylinositol  3-kinase  (PI3-K)/Akt  and  extracellular 
signal-regulated  kinase  (Erkl/2).  In  most  cases,  the  PI3-K/ 
Akt  pathway  delivers  the  most  potent  survival  signal  down¬ 
stream  of  EGFR  [5,6], 

Akt  is  a  serine-threonine  kinase,  downstream  of  PI3-K, 
which  delivers  strong  survival  signals  in  many  cell  types 
[7-9].  Both  growth  factors  and  integrins  activate  Akt 
through  activation  of  PDKl  and  putative  PDK2  kinase  that 
subsequently  phosphorylate  Akt  at  Thr308  and  Ser473  re¬ 
spectively  [10].  There  are  several  isoforms  of  Akt  (Aktl, 
Akt2,  Akt3);  each  has  been  shown  to  be  expressed  at  dif¬ 
ferent  levels  in  various  tissues  [11].  The  targets  of  Akt  in 
epithelial  cells,  including  mouse  and  human  breast  cells, 
include  proteins  involved  in  cell  growth,  metabolism,  and 
apoptosis.  The  Akt  targets  involved  in  apoptosis  include 
Bad,  a  pro-apoptotic  member  of  the  Bcl-2  family  of  proteins 
[12],  caspase  9  [13],  and  the  forkhead  transcription  factor 
[14].  Recently,  Akt  also  has  been  reported  to  upregulate  the 
expression  of  anti-apoptotic  proteins  in  lymphoid  cells  such 
as  Bc1-Xl  [15],  Bcl-2  [16],  and  Mcl-l  [17].  Akt  activates 
NF-kB  in  both  fibroblasts  and  epithelial  cells  [18,19]. 

In  most  cell  types,  both  growth  factors  and  integrins  are 
capable  of  activating  the  MAPK/Erk  pathway.  Of  particular 
relevance  to  our  studies,  the  MAPK/Erk  pathway  was  pre¬ 
viously  shown  to  convey  survival  signals  in  response  to 
EGF  [20,21].  Recently,  it  has  been  shown  that  the  PI3-K/ 
Akt  and  the  MAPK/Erk  pathways  can  cooperate  in  the 
inhibition  of  Bad  in  some  cell  types  [22].  However,  the 
pro-survival  targets  and  the  interactions  of  EGFR-activated 
PI3K/Akt  and  MAPK/Erk  pathways  have  not  been  estab¬ 
lished  in  murine  mammary  epithelial  cells  (MMECs),  hu¬ 
man  breast  epithelial  cells,  or  human  carcinomas.  Our  pre¬ 
liminary  data  indicated  that  Bad  is  expressed  in  MMECs; 
however,  the  phosphorylation  status  of  endogenous  Bad 
was  difficult  to  determine  due  to  the  lack  of  reliable  anti¬ 
bodies.  With  the  emerging  role  of  activated  EGFR  in  breast 
cancer,  we  believed  it  would  be  important  to  determine  the 
anti-apoptotic  targets  of  EGFR-stimulated  Akt  and  Erk,  in 
MMECs  and  human  breast  cancer  cells. 

In  our  investigations  to  determine  which  survival  mole¬ 
cules  downstream  of  the  EGFR  are  responsible  for  upregu- 
lation  of  Bc1-Xl  and  inhibition  of  c-Myc-mediated  apoptosis 
in  MMECs,  we  show  that  constitutively  activated  Akt  pro¬ 
vides  protection  from  c-Myc-mediated  apoptosis  in  associ¬ 
ation  with  upregulation  of  the  Bc1-Xl  protein.  By  using 
phannacological  inhibitors  of  both  PI3-K/Akt  and  MEK/ 
Erkl/2,  and  dominant-negative  (DN)-Erkl  and  DN-Akt  we 
detected  significant  decreases  in  Bc1-Xl  protein  expression. 

In  conclusion,  our  results  demonstrate  that  EGFR-depen- 
dent  Akt  activity  provides  a  major  survival  signal  against 
c-Myc-mediated  apoptosis  in  MMECs;  both  Akt  and  Erk 


are  obligatory  for  regulation  of  Bc1-Xl  expression  in  this 
model.  To  our  knowledge,  these  studies  provide  the  first 
comprehensive  evaluation  of  the  role  of  EGFR-dependent 
survival  molecules  in  inhibition  of  c-Myc-mediated  apopto¬ 
sis  in  murine  models  of  breast  cancer. 


Experimental  procedures 

Cell  culture  and  viral  infection 

Myc83  cells  (derived  from  an  MMTV-c-wyc  transgenic 
mouse  mammary  tumor  in  our  laboratory)  and  Comma  D 
cells  (immortalized  mouse  mammary  epithelial  cells  ob¬ 
tained  from  D.  Medina,  Baylor  College  of  Medicine)  [23] 
were  maintained  in  a  humidified  5%  CO2  environment,  in 
complete  medium  containing:  IMEM  (Gibco-BRL,  Gaith¬ 
ersburg,  MD,  USA),  2.5%  fetal  calf  serum  (FCS),  10  ng/ml 
EGF  (Upstate  Biotechnology  Incorporated  (UBI),  Lake 
Placid,  NY,  USA),  and  5  p.g/ml  insulin  (Biofluids,  Rock¬ 
ville,  MD,  USA).  Myc83  cells  were  selected  as  a  model 
because  of  their  high  propensity  to  apoptose  after  removal 
of  EGF.  Comma  D  cells  (with  normal  c-Myc  levels  and 
mutated  p53)  were  used  to  compare  the  potency  of  EGF  in 
activating  both  Akt  and  Erkl/2  in  MMECs  with  different 
c-Myc  levels.  Retroviruses  for  Myr-Akt  (obtained  from  N. 
Hay,  University  of  Illinois)  [24]  were  made  by  transient 
transfection  of  retroviral  pBabePuro-Myr-Akt,  using  Effect- 
ene  Transfection  Reagent  (Qiagen,  Valencia,  CA,  USA) 
into  amphotrophic  Phoenix  cells  (a  gift  of  Dr.  Gary  Nolan, 
Stanford  University,  Palo  Alto,  CA,  USA).  Viral  superna¬ 
tants  were  collected  and  filter-purified.  Myc83  cells  were 
infected  with  pBabePuro  vector  only  or  pBabe  Myr-Akt  in 
the  presence  of  4  /xg/ml  polybrene,  and  infected  stable 
clones  were  selected  with  puromycine  (Sigma,  St.  Louis, 
MO,  USA).  Clones  were  pooled  for  further  analysis.  All 
retrovirally  transduced  cells  were  grown  in  complete  me¬ 
dium,  with  or  without  addition  of  EGF.  When  testing  sen¬ 
sitivity  to  apoptosis,  cells  were  grown  in  IMEM  only,  with¬ 
out  EGF,  FCS,  or  insulin,  or  in  IMEM  with  only  EGF. 

cDNA  constructs  and  transfections 

A  plasmid  containing  dominant-negative  Akt  cDNA 
(DN-Akt  in  PCIS2  vector)  was  kindly  provided  by  Dr.  M. 
Kohn  (NIH,  Bethesda,  MD,  USA).  The  DN-Akt  mutant  was 
generated  by  replacing  Thr308  and  Ser473  with  alanine. 
Constructs  containing  dominant-negative  Erkl  (K71R)  and 
empty  vector  pCEP4  were  provided  by  Dr.  M.  Cobb  (Uni¬ 
versity  of  Texas,  Southwestern  Medical  Center). 

Transfections  were  performed  using  FuGene  6  (Roche 
Molecular  Biochemicals).  Briefly,  cells  were  seeded  in  10- 
cm^  plates  in  complete  IMEM  medium  and  allowed  to 
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attach  overnight.  Transfections  were  performed  on  60-80% 
confluent  cells  the  next  day  after  seeding  according  to  the 
manufacturer’s  instructions  (Roche).  Cell  were  grown  48  h 
posttransfections  and  samples  were  collected  for  immuno- 
blotting. 

Antibodies  and  reagents 

Rabbit  polyclonal  anti-total  Akt  phospho-specific  anti- 
bodies-recognizing  Ser473  and  Thr308;  anti-Erkl  and  Erk2 
and  anti-Erkl /Erk2  phospho-specific  antibodies;  Bad  and 
phospho-Bad  (Ser  112  and  Ser  136)  were  from  Cell  Signal¬ 
ing  Biolabs  (Beverly,  MA,  USA).  Anti-Aktl,  anti-Akt2,  and 
Akt3  were  from  Upstate  Biotechnology  (UBI),  mouse 
monoclonal  anti-a-tubulin  and  anti-Bcl-2  were  from  Neo¬ 
markers  (Fremont,  CA,  USA);  anti-BcI-XL  (H-62),  anti- 14- 
3-3  (C-16),  rabbit  polyclonal  poly  (ADP-ribose)  polymerase 
(PARP)  (H-250),  anti-GSK-3)3(0011-A),  anti-p85  PI3-K 
(Z-8),  and  anti-Raf-l(C-12)  were  from  Santa  Cruz  (Santa 
Cruz,  CA,  USA).  The  ECL  detection  reagent  was  from 
Amersham  (Arlington  Heights,  IL);  PI3-K  inhibitor  LY 
294002  (Biomol  Research  Laboratories,  Plymouth  Meeting, 
PA,  USA)  and  EGFR  inhibitor  PD  153035  (Calbiochem, 
San  Diego,  CA,  USA);  and  MAPK  kinase  (MEK)  inhibitor 
U0126  was  from  Cell  Signaling  Biolabs. 

EGF  stimulation  and  treatments  with  inhibitors 

Myc83  and  Comma  D  cells  (1-2  X  10^/ml)  were  grown 
in  10-cm^  culture  dishes  in  complete  IMEM  medium  con¬ 
taining  2.5%  FCS,  10  ng/ml  EGF  (UBI),  and  5  /xg/ml 
insulin  (Biofluids)  until  cells  reached  60-70%  confluence. 
Complete  medium  was  removed,  cells  were  washed  with  IX 
PBS  to  remove  serum  and  growth  factors,  and  synchronized 
by  serum  starvation  (grown  in  IMEM  medium  with  0.1% 
fetal  bovine  serum)  for  24  h.  After  two  washes  with  IX  PBS, 
the  cells  were  stimulated  with  IMEM  medium  containing  10 
ng/ml  EGF  for  1,  2.5,  5,  10,  and  20  min,  washed  twice  with 
IX  PBS,  and  lysed  in  buffer  (Cell  Signaling  Biolabs)  con¬ 
taining  20  mM  Tris  (pH  7.5),  150  mM  NaCl,  ImM  EDTA, 
ImM  EGTA,  1%  Triton  X-100,  2.5  mM  sodium  pyrophos¬ 
phate,  1  mM  j3-glycerophosphate,  1  mM  Na3V04,  1  /uig/ml 
leupeptin,  and  1  mM  phenylmethylsulfonyl  fluoride 
(PMSF)  for  protein  analysis.  Insoluble  material  was  re¬ 
moved  by  centrifugation.  Protein  concentrations  were  de¬ 
termined  by  a  bicinchoninic  acid  (BCA)  protein  assay 
(Pierce,  Rockford,  IL,  USA)  and  samples  were  stored  at 
“80°C  until  used  for  immunoblotting  and  in  vitro  kinase 
assays. 

To  test  the  requirement  of  active  EGFR  for  EGF-induced 
Akt  and  Erkl/Erk2  activation,  the  synchronized  Myc83 
cells  (as  described  above)  were  pretreated  with  1  jxM 
PD153035  EGFR  tyrosine  kinase  inhibitor  for  3  h,  followed 
by  a  treatment  with  10  ng/ml  EGF  at  2.5,  5,  and  10  min,  as 
described  above.  The  concentration  of  PD153035  was  se¬ 


lected  based  on  literature  and  pilot  studies  in  our  laboratoiy 
(data  not  shown).  The  control  Myc83  cells  (-PD153035) 
were  pretreated  with  an  equal  volume  (10  /xL)  of  DMSO 
and  later  stimulated  with  10  ng/ml  EGF  for  2.5  and  5  min. 
Comma  D  cells  were  pretreated  with  the  same  concentration 
of  PDl  53035  (1  jjM)  and  for  the  same  time  (3  h)  as  Myc83 
cells,  and  they  were  similarly  stimulated  with  10  ng/ml  EGF 
for  1, 2.5,  and  5  min.  Control  Comma  D  cells  (-PD153035) 
were  treated  with  EGF  for  1,  2.5,  5,  10,  and  20  min.  Proteins 
were  analyzed  for  the  activity  of  both  Akt  and  Erkl/Erk2  by 
immunoblotting,  as  described  in  the  Western  Blotting  sec¬ 
tion  of  Experimental  Procedures. 

Induction  of  apoptosis  by  prolonged  treatment  with 
inhibitors  ofPlS^K,  MEK  and  EGFR 

Myc83pBabePuro  and  Myc83-Myr-Akt  cells  were 
grown  in  complete  IMEM  medium  to  70-80%  confluence 
in  10-cm^  plates,  and  then  the  complete  medium  was  re¬ 
placed  with  IMEM  medium  containing  the  following:  10 
ng/ml  EGF  (without  serum  and  insulin);  50  pM  LY294002 
(Biomol)  with  and  without  the  EGF;  10  pM  U0126  (Cell 
Signaling  Biolabs)  with  and  without  EGF,  1  /xM  PDl  53035 
(Biomol)  with  and  without  the  EGF.  Cells  were  usually 
grown  for  48  h,  but  in  some  cases  cells  were  harvested  after 
only  24  h.  In  one  set  of  plates,  cells  were  lysed  for  protein 
analysis,  as  described  below,  while  another  set  of  cells, 
treated  equally,  was  used  for  evaluation  of  apoptosis  by 
Hoechst  staining. 

To  test  if  EGF  rescues  the  Myc83  cells  from  apoptosis, 
we  performed  a  separate  set  experiments  in  which  cells 
were  grown  in  complete  IMEM  medium  to  70-80%  con¬ 
fluence  in  six-well  plates,  and  then  complete  medium  was 
replaced  with  IMEM  medium  containing  EGF  ranging  from 
10  to  60  ng/ml  (without  serum  and  insulin).  Cells  were 
grown  in  the  presence  of  1  pM  PDl 53035  (Biomol)  with 
and  without  the  EGF  and,  after  48  h  were  evaluated  by 
Hoechst  staining. 

Measurement  of  apoptosis 

Apoptosis  was  evaluated  by  immunoblotting  of  PARP 
protein  cleavage,  as  described  in  the  Western  Blotting  sec¬ 
tion  of  Experimental  Procedures,  and  by  Hoechst  staining. 
Briefly,  Hoechst  staining  was  performed  as  follows:  after 
48  h  of  treatment  with  LY294002,  U1026,  and  PD153035, 
all  adherent  and  floating  cells  were  collected.  Samples  were 
centrifuged  for  8  min  at  lOOOg  at  4°C.  Supernatants  were 
discarded,  and  cell  pellets  were  resuspended  in  IX  PBS 
containing  formaldehyde  and  Nonidet  P-40  (NP-40)  and 
stained  with  10  /xg/ml  Hoechst  33258  dye  for  apoptotic 
analysis.  At  least  500  cells  per  treatment  group  were 
counted  with  a  hemocytometer  and  evaluated  for  the  pres¬ 
ence  of  condensed  nuclei  and  overall  apoptotic  appearance. 
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Akt  kinase  assay 

Protein  lysates  from  control  and  EGF-stimulated  Myc83 
and  Comma  D  cells  (0,  1,  2.5,  5, 10,  and  20  min)  were  lysed 
in  the  buffer  described  above.  Akt  kinase  activity  was  an¬ 
alyzed  using  an  Akt  Kinase  Assay  Kit  (NEB),  which  em¬ 
ploys  GSK-3  as  a  substrate,  according  to  the  manufacturer’s 
instructions.  In  short,  300  /xg  of  cellular  protein  was  immu- 
noprecipitated  with  a  total  Akt  antibody  immobilized  to 
agarose  beads  (NEB)  at  4°C  overnight.  Immunoprecipitated 
Akt  protein  on  beads  was  washed  twice  with  1  ml  of  lysis 
buffer  (described  above)  and  once  with  kinase  buffer  (25 
mM  Tris,  pH  7.5;  5-mM  i3-glycerolphosphate,  2  mM  DTT, 
0.1  mM  Na3  V04,  10  MgCy.  The  beads  were  then  resus¬ 
pended  in  40:1  kinase  buffer,  containing  the  Akt  protein 
substrate  (1  p-g  of  GSK-3  a/jS  fusion  protein),  supplemented 
with  200  {xM  of  ATP.  The  assay  was  carried  out  according 
to  the  manufacturer’s  instructions  (NEB),  and  protein  sam¬ 
ples  were  loaded  on  12%  SDS-polyacrylamide  gels 
(Novex)  and  Western  immunoblotting  was  performed,  as 
described  below.  The  membranes  were  probed  with  a  phos- 
pho-specific  antibody  recognizing  GSK-3a-P  (at  1:1000 
dilution)  when  phosphorylated  by  Akt  on  serine  21  (NEB). 
The  secondary  antibody  used  at  1 :2000  was  a  rabbit  poly¬ 
clonal  (NEB).  Blots  were  developed  using  ECL  reagents 
(Amersham)  and  exposed  to  ECL  film  (Amersham).  The 
intensity  of  the  bands  was  quantified  using  a  Chemilmager 
5500  (Alpha  Innotech  Corp.,  San  Leandro,  CA,  USA). 

Western  blotting 

Cell  lysates  containing  a  total  of  10-15  /xg  of  protein 
were  used  for  the  Western  blot  analysis.  A  PhosphoPlus 
MAPK  antibody  kit  was  used  according  to  the  manufactur¬ 
er’s  recommendations  (Cell  Signaling  Biolabs),  to  deter¬ 
mine  Erk  activation  by  immunoblotting  in  all  experimental 
and  control  cells.  Cellular  extracts  were  analyzed  with  an¬ 
tibodies  against  total  Erk  1/2  (p44  and  p42)  and  with  phos- 
pho-specific  antibodies  against  phospho-p44/42  (Thr202/ 
Tyr204)  (Cell  Signaling  Biolabs).  In  addition  to  Akt  kinase 
assays  (see  above)  the  total  activity  of  Akt  was  determined 
using  phospho-specific  antibodies  recognizing  Akt  specifi¬ 
cally  phosphorylated  at  Ser"*^^  or  Thr^®^  (Cell  Signaling 
Biolabs).  Akt  protein  expression  was  determined  by  using 
an  antibody  recognizing  total  Akt  independent  of  phosphor¬ 
ylation  status  (Cell  Signaling  Biolabs). 

All  samples  for  Akt,  Erkl/2,  p85  PI3-K,  Raf-1,  and 
PARP  were  analyzed  on  8%  SDS-polyacrylamide  gels  (In- 
vitrogen,  Carlsbad,  CA,  USA).  Those  probed  for  GSK-3 j3 
used  10%  SDS-polyacrylamide  gels,  while  samples  ana¬ 
lyzed  for  Bcl-2,  14-3-3,  and  Bc1-Xl  were  tested  on  12% 
SDS-polyacrylamide  gels  (Novex).  Proteins  were  trans¬ 
ferred  to  Immobilon-P  PVDF  membranes  (Millipore  Corp., 
Bedford,  MA,  USA)  by  electroblotting.  After  transfer, 
membranes  were  stained  with  Ponceau  protein  stain 


(Sigma)  to  test  for  equal  loading.  The  membranes  were  then 
washed  with  IX  phosphate-buffered  saline  /0.1%  Tween  20 
(PBST)  3  X  10  min.  After  washing,  membranes  were 
blocked  with  2%  bovine  serum  albumin  (BSA)  in  for  1  h. 
After  incubation  in  primary  antibody  overnight  at  4°C,  all 
blots  were  washed  for  3  X  10  min  with  PBST  and  probed 
for  1  h  with  the  corresponding  secondary  antibody  (anti¬ 
mouse  or  anti-rabbit  labeled  with  horseradish  peroxidase; 
from  Amersham,  Arlington  Heights,  IL,  USA,  or  from 
NEB).  After  three  repeated  washes  in  PBST  the  blots  were 
developed  using  a  chemiluminescence  ECL  kit  (Amersham) 
and  exposed  to  X-ray  film  (Amersham).  On  several  occa¬ 
sions,  to  test  equality  of  loading,  membranes  were  stripped 
and  reprobed  with  an  antibody  recognizing  a-tubulin,  a 
57-kDa  protein  (Neomarkers).  The  results  of  immunoblot¬ 
ting  were  quantified  by  densitometry  using  Chemilmager 
(Alpha  Innotech  Corp.,  San  Leandro,  CA,  USA)  and  the 
significance  of  differences  in  band  intensity  was  evaluated 
with  a  Student’s  t  test. 


Results 

EGF  is  a  potent  activator  of  Akt  in  mouse  mammary 
epithelial  cells 

Our  previous  studies  showed  that  activation  of  the 
EGFR  by  either  EGF  or  TGFa  delivers  a  potent  survival 
signal  to  mouse  mammary  epithelial  cells  overexpressing 
c-Myc,  both  in  vivo  and  in  vitro  [3].  However,  it  was  not 
clear  which  survival  pathways  downstream  of  the  EGFR 
were  responsible  for  the  inhibition  of  apoptosis.  In  the 
present  work,  we  show  that  in  the  absence  of  serum,  EGF 
stimulation  of  both  Myc83  (MMECs  derived  from  mouse 
transgenic  for  c-Myc)  and  Comma  D  (immortalized 
MMECs)  significantly  activates  Akt,  a  potent  survival 
molecule  in  fibroblasts  and  several  other  epithelial  cell 
types  [8].  Akt  is  activated  by  10  ng/ml  EGF,  within  1 
min,  (2-fold  increase),  in  both  Myc83  (Fig.  lA)  and 
Comma  D  cells  (Fig.  1C).  Maximum  Akt  activation  in 
Myc  83  cells  (4-fold  increase)  was  seen  at  5  min,  fol¬ 
lowed  by  a  decrease  to  basal  activity  by  10  min  (Fig.  1  A). 
Similar  results  were  obtained  for  Comma  D  cells  (Fig. 
ID).  EGF  activation  of  Akt  resulted  in  the  phosphoryla¬ 
tion  of  Ser473  (Figs.  lA  and  D)  and  Thr308  (data  not 
shown).  Phosphorylation  of  both  sites  is  required  for  full 
activation  of  Akt  [9].  As  expected,  the  EGF  treatment  did 
not  affect  the  expression  levels  of  total  Akt  protein  in 
either  cell  line,  as  shown  by  immunoblotting  using  anti- 
Akt  antibody  recognizing  all  three  Akt  isoforms  (Figs. 
IB  and  E).  The  activity  of  Akt,  following  EGF  stimula¬ 
tion,  was  confirmed  by  an  Akt  kinase  assay,  using 
GSK-3a  fusion  protein  as  a  substrate  (Figs.  1C  and  F). 
Akt  has  been  shown  to  phosphorylate  GSK-3a  at  serine 
21  [25].  By  using  an  antibody  that  specifically  recognizes 
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Fig.  1.  EGF  is  a  strong  activator  of  Akt  in  MMECs.  (A)  Myc83  cells  were  synchronized  by  serum  starvation  (in  0.1%  FCS)  for  24  h  and  stimulated  with 
10  ng/ml  EGF  in  the  absence  of  serum  for  1,  2.5,  5,  10,  and  20  min.  The  cells  were  lysed,  and  activation  of  Akt  was  assayed  by  immunoblotting,  using  a 
phospho-specific  antibody  recognizing  Akt  when  phosphorylated  (activated)  at  Ser  473.  (B)  Phospho-Akt  blots  were  stripped  and  reprobed  with  an  Akt 
antibody  that  recognizes  Akt  independent  of  its  phosphorylation  status.  (C)  In  addition,  the  phosphorylation  status  of  Akt  was  analyzed  by  an  Akt  kinase  assay 
using  GSK-3a  as  a  substrate  in  vitro  (D,  E).  (D-F)  Similarly,  the  effects  of  EGF  on  Akt  activation  and  expression  also  were  evaluated  in  non-c-Myc- 
overexpressing  Comma  D  cells  by  immunoblotting  and  kinase  assay.  These  results  are  representative  of  three  identical,  independent  assays  using  the  same 
lysates  and  two  identical  assays  using  different  lysates. 

phospho-GSK-3a  at  serine  21,  we  confirmed  the  phos-  treatment  in  MMECs,  we  evaluated  their  expression  levels 
phorylation  of  GSK-3,  a  known  target  of  activated  Akt,  in  in  Myc83  and  Comma  D  by  using  antibodies  specifically 

both  Myc83  (Fig.  1C)  and  Comma  D  (Fig,  IF).  Interest-  recognizing  each  isoform  (UBI).  We  detected  significant 

ingly,  in  Comma  D  cells  the  maximal  activation  of  expression  of  Akt  1  and  Akt2  in  all  MMECs  analyzed  (data 

GSK-3  a  at  serine  21,  as  detected  by  Akt  kinase  assay,  not  shown),  while  expression  of  Akt3  could  not  be  detected 

preceded  the  activation  of  Akt  as  detected  by  immuno-  in  any  of  the  cells  with  the  antibody  used  in  this  study  (data 

blotting.  The  mechanism  responsible  is  not  clear,  but  it  is  not  shown), 

possible  that  activation  of  some  other  EGFR-activated 

kinase  might  precede  the  activation  of  Akt  and  cause  Activation  ofErkl/Erk2  by  EGF  parallels  Akt  activation 
phosphorylation  of  GSK-3a  in  Comma  D  cells. 

To  determine  which  of  the  three  major  Akt  isoforms  Although  in  the  majority  of  cell  lines  tested  to  date,  the 

(Aktl,  Akt3,  Akt3)  are  expressed  and  activated  after  EGF  PI3-K/Akt  pathway  has  been  shown  to  deliver  a  stronger 


Myc83  Comma  D 


Fig.  2.  EGF  is  a  potent  activator  of  Erkl/2  in  MMECs.  EGF  at  10  ng/ml  strongly  activated  Erkl/2  within  a  time  frame  similar  to  that  shown  for  Akt,  in  both 
Myc83  (A)  and  Comma  D  (C)  cells.  Phosphorylation  status  of  Erkl/2  was  determined  by  immunoblotting  using  antibody  (NEB)  recognizing  phospho -Erkl/2. 
Both  blots  for  phospho-Erk  were  stripped  and  reprobed  with  antibody  recognizing  Erkl/2  independent  of  phosphorylation  status  in  both  Myc83  (B)  and 
Comma  D  (D)  cells. 
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Fig.  3.  Effect  of  a  pharmacological  inhibitor  of  EGFR  kinase  activity  on  activation  and  expression  of  both  Akt  and  Erkl/2  in  MMECs.  The  EGFR  tyrosine 
kinase  inhibitor  PD  153035  (1  p^M)  completely  blocked  activity  of  Akt  in  Myc83  (A)  and  Comma  D  (E)  cells.  The  blots  were  reprobed  with  an  antibody 
recognizing  total  Akt  to  demonstrate  that  while  PD  153035  inhibits  the  activation  of  Akt,  it  has  no  effect  on  Akt  expression  in  Myc83  (B)  and  in  Comma 
D  (F)  cells.  While  treatment  with  PD153035  completely  blocked  the  activation  of  Erkl/2  in  Myc83  cells  (C),  it  did  not  affect  the  activation  of  Erkl/2  in 
Comma  D  cells  (G).  Blots  for  phospho  Erkl/2  were  reprobed  with  antibody  recognizing  total  Erkl/2.  Expression  of  Erkl/2  was  unchanged  by  PD  153035 
treatment  in  both  Myc83  (D)  and  Comma  D  (H)  cells.  These  results  are  representative  of  two  independent  assays. 


survival  signal  compared  to  the  MEK/Erk  pathway,  in  some 
epithelial  cells,  both  pathways  appear  to  be  equally  impor¬ 
tant  in  delivering  survival  signals  [26].  Therefore,  we  next 
determined  the  status  of  Erkl/Erk2.  The  results  show  that 
EGF  is  capable  of  specifically  activating  Erkl/Erk2  in  both 
cell  lines  (Figs.  2A  and  C),  within  a  similar  time  frame  as 
shown  for  Akt  (Figs.  lA  and  D).  In  each  cell  line,  the 
highest  Erkl/Erk2  activity  was  detected  at  2.5  and  5  min 
(2.5“fold);  similar  to  Akt,  the  activity  declined  by  1 0  min.  In 
Myc83  cells,  the  signal  for  Erkl  was  the  stronger  (3-fold 
increase)  of  the  two  isoforms  (Fig.  2A),  while  in  Comma  D 
cells,  Erk2  was  predominantly  activated  (2.5-fold)  (Fig. 
2C).  The  expression  of  total  protein  levels  for  Erkl  and 
Erk2  (Figs.  2B  and  D)  was  mostly  unchanged  by  EGF 
treatment  in  both  cells,  with  the  exception  of  samples  with 
phosporylated  Erkl/2  in  Myc83  cells,  in  which  we  detected 
less  of  total  Erkl/2,  Although  the  mechanism  responsible  is 
not  clear,  it  is  possible  that  the  variation  in  Erk  immunore- 
activity,  shown  in  Fig.  2,  may  simply  reflect  differential 
reactivity  of  the  phosphorylated  species  of  these  kinases, 
rather  than  regulation  of  their  levels. 


Inhibition  of  EGFR  tyrosine  kinase  prevents  activation  of 
both  Akt  and  Erk}/Erk2  in  c-Myc~overexpressing  MMECs 

To  test  the  requirement  of  activated  EGFR  kinase  in  the 
activation  of  Akt,  Erkl,  and  Erk2,  we  blocked  EGFR  ty¬ 
rosine  kinase  with  PD  153035,  followed  by  EGF  treatment. 
In  both  Myc83  and  Comma  D  cells,  inhibition  of  EGFR 
kinase  activity  completely  abolished  EGFR-mediated  acti¬ 
vation  of  Akt  (Figs.  3A  and  E),  without  affecting  total 
protein  levels  (Figs.  3B  and  F).  As  expected,  EGF  treatment 
strongly  activated  Akt  in  cells  treated  with  vehicle  (DMSO) 
(Figs.  3A  and  E).  However,  only  in  Myc83  cells  was  block¬ 
ade  of  the  EGFR  tyrosine  kinase  activity  capable  of  inhib¬ 
iting  activation  of  Erkl/Erk2  (Fig,  3C),  without  affecting 
the  expression  levels  of  Erkl/Erk2  proteins  (Fig.  3D).  In¬ 
terestingly,  inhibiting  EGFR  with  PD  153035  in  Comma  D 
cells  did  not  prevent  activation  of  Erkl/Erk2  by  EGF  (Fig. 
3G).  Regardless  of  the  presence  or  absence  of  PD153035, 
both  Erkl  and  Erk2  were  strongly  activated  within  1  min, 
with  increasing  activity  up  to  5  min;  however,  the  expres¬ 
sion  of  neither  Erkl  nor  Erk2  was  affected  (Fig.  3H). 
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Fig.  4.  Prolonged  inhibition  of  PI3-K  activity  in  Myc83  cells  causes  a 
decrease  in  Akt  protein.  Myc83  cells  were  grown  in  the  presence  or 
absence  of  EGF  (+EGF,  -EGF,  respectively),  and  were  treated  with  50 
/xM  LY294002  or  DMSO  for  48  h.  (A)  Apoptosis  was  evaluated  by 
immunoblotting  of  PARP  cleavage.  Also,  the  same  lysates  were  analyzed 
for  the  expression  of  Akt  protein  (B)  and  the  phosphorylation  status  of  Akt 
(C)  by  using  a  phospho-specific  Akt  (Ser473)  antibody.  To  evaluate  if  the 
apoptotic  process  affects  other  proteins  besides  Akt,  expression  of  a-tu- 
bulin  (a  loading  control)  (D)  was  evaluated.  The  results  are  representative 
of  two  independent  assays. 


Prolonged  inhibition  of  P13-K  activity  leads  to  apoptosis 
and  a  decrease  in  protein  levels  of  both  Akt  and 
Erk]/Erk2 

Recently,  some  evidence  in  the  literature  suggests  that 
the  Akt  protein  is  cleaved  by  caspases  late  in  the  apoptotic 
process  induced  by  UV  irradiation,  Fas  ligation,  and  etopo- 
side  in  human  Jurkat  cells  [27].  Therefore  we  tested  the 
status  of  the  Akt  protein  in  apoptotic  Myc83  cells,  following 
the  prolonged  inhibition  (48  h)  of  PI3-K  activity  with  50 
fjiM  LY294002.  In  these  experiments,  we  compared  levels 
of  Akt  protein  in  LY294002-treated  and  untreated  Myc83 
cells,  grown  in  the  presence  and  absence  of  EGF.  First,  by 
evaluating  cleavage  of  the  full-length  form  of  PARP  (an 
early  indicator  of  apoptosis)  we  found  that  prolonged  treat¬ 
ment  with  LY294002  leads  to  apoptosis  of  Myc83  cells, 
regardless  of  the  presence  or  absence  of  EGF  (Fig.  4A).  In 
the  same  protein  lysates,  apoptosis  was  paralleled  by  a 
prominent  decrease  in  Akt  levels  (2.5-fold),  independent  of 
the  presence  of  EGF  in  the  growth  medium  (Fig.  4B).  The 
decrease  in  Akt  phosphoi^lation  was  detected  in  the  sample 
treated  with  LY294002  in  the  absence  of  EGF  (Fig.  4C). 
Furthermore,  in  the  same  samples  where  a  decrease  in  the 
Akt  protein  expression  and  phosphorylation  was  detected, 
expression  of  a-tubulin  protein  (loading  control)  was  un¬ 
changed  (Fig.  4D),  suggesting  that  the  prolonged  inhibition 
of  the  PI3-K  in  c-Myc-overexpressing  cells  specifically 
caused  downregulation  and  proteolysis  of  the  Akt  protein. 

To  evaluate  how  early  in  the  apoptotic  process  this 
downregulation  of  Akt  was  occurring,  we  analyzed  protein 
lysates  of  Myc83  cells  treated  with  the  same  concentration 


of  LY294002  (50  pM),  with  and  without  EGF,  for  periods 
of  24  and  48  h.  Again,  PARP  cleavage  immunoblotting  was 
used  to  evaluate  apoptosis  (Fig.  5A),  and  the  same  protein 
samples  were  further  evaluated  for  the  expression  of  Akt. 
Interestingly,  as  early  as  24  h  after  treatment  with 
LY294002,  expression  of  Akt  protein  decreased  (Fig.  5B), 
preceding  the  onset  of  apoptosis  as  detected  by  PARP  cleav¬ 
age  (Fig.  5A).  However,  by  48  h,  when  a  large  percentage 
of  the  cells  underwent  apoptosis,  as  determined  by  PARP 
cleavage  (Fig.  5A),  the  decrease  in  Akt  protein  level  was 
more  prominent  (3-fold)  (Fig.  5B).  The  mechanism  respon¬ 
sible  for  decreased  steady-state  levels  of  Akt  is  currently 
under  investigation. 

To  determine  if  the  prolonged  inhibition  of  PI3-K  over 
24  and  48  hours  specifically  is  causing  Akt  downregulation, 
we  evaluated  the  status  of  Erkl  and  Erk2,  Raf-1  (previously 
shown,  together  with  Akt,  to  be  cleaved  late  in  the  apoptotic 
process  in  Jurkat  cells)  [27],  and  p85  PI3-K.  Similar  to  Akt, 
the  expression  of  both  Erkl  and  2  proteins  decreased  in  the 
same  protein  lysates,  in  which  we  detected  the  downregu¬ 
lation  of  the  Akt,  following  treatment  with  LY294002  (Fig. 
5C).  The  decrease  in  Erkl  was  more  pronounced  (2.5-fold), 
in  comparison  to  Erk2  (Fig.  5C).  In  contrast  to  the  reported 
decrease  in  expression  of  Raf-1  protein  in  apoptotic  Jurkat 
cells  [27],  we  did  not  detect  any  change  in  expression  of 
Raf-1  (Fig.  5D)  in  apoptotic  Myc83  cells.  However,  expres¬ 
sion  of  p85  PI3-K  was  slightly  decreased  48  h  after  EGF 
removal,  and  in  LY294002-treated  Myc83  cells,  in  the  ab- 
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Fig.  5.  Inhibition  of  PI3-K  activity  caused  a  decrease  in  expression  of  both 
Akt  and  Erkl/2  proteins  24  h  before  the  onset  of  apoptosis.  To  test  how 
early  the  inhibition  of  PI3-K  activity  causes  the  decrease  in  Akt  expression, 
samples  of  Myc83  cells  were  treated  with  EGF  (+EGF),  without  EGF 
(-EGF),  and  in  the  presence  of  50  /xM  LY294002  (-1-LY)  with  or  without 
EGF  for  24  and  48  h.  Cells  were  lysed  and  protein  samples  were  evaluated 
for  (A)  apoptosis  by  immunoblotting  for  PARP  cleavage  products;  (B) 
expression  of  Akt  protein;  (C)  expression  of  Erkl/Erk2,  (D)  expression  of 
Raf-I;  (E)  expression  of  PI3-K  85  kDa.  The  results  are  representative  of 
two  independent  assays. 
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sence  of  the  EGF  for  48  h  (Fig.  5E).  The  absence  of  Raf-1 
protein  downregulation  further  implicates  the  involvement 
of  PI3-K/Akt  pathway. 

Downregulation  of  Akt  protein  is  specific  only  for 
apoptosis  induced  through  prolonged  inhibition  of  PI3-K 
activity 

To  determine  if  the  downregulation  of  Akt  protein  is 
simply  the  result  of  ongoing  apoptosis  in  Myc83  cells, 
regardless  of  which  of  the  survival  pathways  has  been 
blocked,  we  treated  Myc83  cells  with  1  pM  of  PD  153035, 
a  specific  inhibitor  of  the  EGFR;  with  10  /xM  of  U0126  (a 
MEK  inhibitor),  and  with  50  ^llM  of  Ly294002  (PI3-K/Akt 
inhibitor)  for  48  h.  The  samples  were  then  evaluated  for 
apoptosis  by  Hoechst  staining  and  by  PARP  cleavage,  as 
well  as  by  immunoblotting  for  Akt  protein  expression.  In 
the  presence  of  EGF,  only  2-3%  of  Myc83  cells  underwent 
apoptosis.  However,  when  EGF  was  removed,  the  number 
of  apoptotic  cells  increased  to  9%  (Fig.  6A).  When  cells 
were  treated  with  PD  153035,  in  the  presence  of  EGF,  a  total 
of  42%  of  the  cells  underwent  apoptosis  (Fig.  6A),  while 
after  removal  of  the  EGF,  49%  of  the  cells  were  apoptotic. 
In  the  presence  of  EGF  and  U0126,  a  total  of  15%  of  the 
cells  underwent  apoptosis  (Fig.  6A),  while  after  removal  of 
EGF  almost  23%  of  the  cells  were  apoptotic  (Fig.  6A).  A 
total  of  22%  of  the  Myc83  cells  treated  with  EGF  and 
LY294002  underwent  apoptosis  after  48  h;  following  EGF 
removal,  treatment  with  LY294002  caused  33%  of  the  cells 
to  apoptose  (Fig.  6A).  In  addition,  we  treated  a  separate  set 
of  Myc83  cells  with  the  same  inhibitors,  under  the  same 
conditions  for  48  h,  and  then  lysed  the  cells  for  PARP 
protein  analysis  by  immunoblotting.  As  expected,  the  re¬ 
sults  of  PARP  cleavage  (Fig.  6B)  confirmed  the  apoptosis 
results  from  the  Hoechst  staining  (Fig.  6A).  Interestingly, 
only  those  cells  treated  with  an  inhibitor  of  PI3-K 
(LY294002)  for  48  h  exhibited  a  significant  decrease  (2- 
fold)  in  the  expression  of  the  Akt  (Fig.  6C).  However, 
regardless  of  the  apoptosis  occurring  in  cells  treated  with 
other  pharmacological  inhibitors  (PD153035  and  U0126),  the 
expression  of  Akt  protein  was  not  affected  (Fig.  6C).  When 
the  Myc83  cells  were  treated  with  60  ng/ml  EGF,  apoptosis 
induced  by  PDI 53035  treatment  was  inhibited  up  to  ~70% 
as  measured  by  Hoechst  staining  (data  not  shown).  This 
shows  the  ability  of  EGF  to  rescue  apoptosis  of  Myc83  cells. 

Constitutively  activated  Akt  protects  MMECs 
overexpressing  c-Myc  from  apoptosis 

To  further  confirm  the  potential  importance  of  Akt  to 
deliver  a  survival  signal  downstream  of  EGFR,  we  retrovi- 
rally  transduced  constitutively  activated  Akt  (Myr-Akt)  into 
the  Myc83  cells.  In  contrast  to  the  parental  Myc83  cells, 
previously  shown  to  undergo  apoptosis  within  48  h  of  the 
removal  of  EGF  and  serum,  Myc83-Myr-Akt  cells  were 
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Fig.  6.  Downregulation  of  Akt  protein  is  specific  for  apoptosis  induced  by 
the  inhibition  of  PI3-K  activity.  Myc83  cells  were  grown  in  IMEM  medium 
with  or  without  10  ng/ml  EGF,  and  in  combination  with  1  p.M  PD153035, 
10  U0126,  or  50  julM  LY294002  for  48  h.  Apoptosis  was  evaluated  by 

(A)  Hoechst  staining  (a  total  of  500  cells  were  counted)  and  (B)  immuno¬ 
blotting  of  PARP  cleavage.  (C)  Akt  expression  was  evaluated  by  immu¬ 
noblotting  using  antibody-recognizing  Akt  independent  of  phosphorylation 
status.  The  results  are  representative  of  two  independent  assays. 


highly  resistant  to  apoptosis  on  removal  of  EGF  and  serum 
from  the  growth  medium,  for  up  to  5  days  (data  not  shown). 
The  apoptotic  response  was  evaluated  by  measuring  PARP 
cleavage  (Fig.  7A).  PARP  cleavage  was  detected  in  apopto¬ 
tic  pBabe-Myc83  cells  treated  with  PDI  53035  for  48  h, 
while  in  My c83 -Myr-Akt  cells,  treated  under  the  same  con¬ 
ditions  for  48  h,  cells  were  protected  from  c-Myc-mediated 
apoptosis  regardless  of  the  presence  of  EGF  or  PDI 53035 
(Fig.  7B). 

Furthermore,  the  apoptotic  profile  of  Myc83-Myr-Akt 
cells  was  additionally  evaluated  by  Hoechst  staining  follow¬ 
ing  treatment  with  1  pM  PDI 53035,  10  jaM  U0126,  and  50 
^M  LY294001  for  48  h.  Again,  constitutively  active  Akt  in 
Myc83-Myr-Akt  cells  almost  completely  protected  the  cells 
from  apoptosis,  resulting  from  the  inhibition  of  EGFR  ki¬ 
nase  activity  by  PDI 53035  (Fig.  7C).  After  treatment  with 
PD  153035,  in  the  presence  of  EGF,  only  8%  of  the  Myc83- 
Myr-Akt  cells  underwent  apoptosis,  in  comparison  to  42.4% 
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crease  in  Akt  activity  [24].  Also,  because  we  detected  pro¬ 
teolysis  of  endogenous  Akt  protein  under  the  same  condi¬ 
tions  of  prolonged  inhibition  of  PI3-K  activity  for  48  h  (Fig. 
7C),  Myr-Akt  might  be  targeted  to  proteolysis  as  well.  As 
expected,  the  constitutively  activated  Akt  in  Myc83-Myr- 
Akt  cells  did  not  provide  significant  protection  from  apo¬ 
ptosis  induced  by  prolonged  inhibition  of  the  MEK/Erk 
pathway  with  U0126  (Fig.  7C). 


Mechanism  by  which  constitutively  activated  Akt  inhibits 
apoptosis  in  c-Myc-overexpressing  cells  involves 
upregulation  of  BcUxj^ 


c 
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Fig.  7.  Constitutively  activated  Akt  protects  MMECs  overexpressing  c- 
Myc  from  apoptosis.  Myc83  (A)  and  Myc83-Myr-Akt  (B)  cells  were 
grown  in  IMEM  medium  with  or  without  EGF,  and  in  combination  with  I 
p.M  PD  1 53035  for  48  h.  Apoptosis  was  analyzed  by  immunoblotting  of 
PARP  cleavage  and  Hoechst  staining  (C).  The  results  are  representative  of 
two  independent  assays. 


of  Myc83  control  cells  (Fig.  7C).  After  the  removal  of  EGF, 
in  the  presence  of  PD  153035,  a  similar  percentage  of 
Myc83 -Myr-Akt  cells  underwent  apoptosis  (7.4%),  com¬ 
pared  with  48.4%  of  control  Myc83  cells  in  the  same  ex¬ 
periments.  These  data  suggest  that,  despite  the  prolonged 
inhibition  of  EGFR  kinase  activity,  the  presence  of  consti¬ 
tutively  activated  Akt  provides  full  protection  from  apopto¬ 
sis  in  c-Myc-overexpressing  MMECs. 

Interestingly,  constitutively  activated  Akt  protected  from 
apoptosis  only  27%  of  the  Myc83-Myr-Akt  cells,  in  com¬ 
parison  to  22%  of  Myc83  in  the  presence  of  EGF  plus  the 
inhibitor  of  the  PI3-K  pathway  (LY294002).  Under  the 
same  conditions  (in  the  presence  of  LY294002),  when  EGF 
was  removed,  only  29%  of  Myc83-Myr-Akt  cells  under¬ 
went  apoptosis,  compared  with  32.5%  of  Myc83  cells.  This 
result  is  not  surprising,  due  to  the  fact  that  the  myristolya- 
tion  signal  has  been  shown  to  decrease  following  prolonged 
inhibition  of  PI3-K  activity  in  fibroblasts,  leading  to  a  de- 


In  fibroblasts  and  hematopietic  cells,  activated  Akt  has 
been  shown  to  inhibit  apoptosis,  mostly  through  mecha¬ 
nisms  involving  inhibition  of  the  pro-apoptotic  Bad  protein 
[8,12]  caspase  9  [13]  and  inhibition  of  release  of  cyto¬ 
chrome  c  [24].  However,  little  information  is  available  on 
the  mechanism  whereby  Akt  inhibits  apoptosis  in  MMECs 


Fig.  8.  Mechanism  by  which  Akt  protects  MMECs  from  apoptosis  involves 
the  upregulation  of  BcI-Xl*  (A)  Myc83  and  Myc83-Myr-Akt  were  grown  in 
IMEM  medium  containing  2.5%  FCS,  10  ng/ml  EGF  (UBI),  and  5  jLt/ml 
insulin  (Biofluids)  Rockville,  MD,  USA  for  48  h.  Cells  were  lysed  and 
protein  samples  analyzed  by  immunoblotting  for  the  expression  of  Bcl-Xi_ 
protein.  To  increase  the  accuracy  of  the  loading  the  same  samples  were 
loaded  twice,  (B)  The  same  lysates  were  analyzed  for  Bcl-2  expression  by 
immunoblotting.  The  results  are  representative  of  three  independent  assays. 
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Fig.  9.  Effects  of  pharmacological  inhibitors  of  PI3-K/akt  and  MEIC/Erkl/2  on  Bc1-Xl  protein  expression  in  MMECs.  (A)  Effects  of  MEK  inhibitor  U0126 
(10  ^M)  and  PI3-K/Akt  kinase  inhibitor  LY294002  (50  /aM)  on  BcI-Xl  expression  were  measured  by  immunoblotting.  Myc83  cells  were  treated  with  IMEM 
medium  containing  EGF  and  DMSO,  and  DMSO  without  EGF,  and  with  pharmacological  inhibitors  with  and  without  EGF  for  48  h.  Cells  were  lysed  and 
protein  samples  were  analyzed  for  expression  of  the  Bc1-Xl  protein,  (B)  The  blots  were  reprobed  with  or-tubulin  antibody  to  demonstrate  equal  loading.  The 
results  are  representative  of  two  independent  assays. 


and  human  breast  cells  and  the  mechanism  by  which  Akt 
inhibits  c-Myc-mediated  apoptosis  in  general. 

In  our  previous  work  we  observed  that  one  of  the  mol¬ 
ecules  upregulated  by  activation  of  EGFR  in  Myc83  cells  is 
the  prosurvival  Bc1-Xl  protein,  at  both  the  mRNA  and 
protein  levels  [4].  Therefore,  to  explore  if  the  mechanism 
whereby  activated  EGFR  inhibits  c-Myc-induced  apoptosis 
involves  Akt  in  our  model,  we  analyzed  the  status  of  Bc1-Xl 
in  parental  Myc83,  pBabe-Myc83,  and  Myc83-Myr-Akt 
cells  grown  in  the  presence  of  complete  medium.  Western 
blot  analysis  detected  a  significant,  twofold  increase  {P  = 
0.005)  in  Bc1-Xl  protein  levels  in  Myc83-Myr-Akt  cells,  in 
comparison  to  Myc-83  cells  transfected  with  vector  only  to 
pBabe-Myc83  cells  (Fig.  8A). 

In  addition,  we  analyzed  expression  of  the  pro-sur¬ 
vival  BcI-2  (Fig,  8B),  14-3-3  (data  not  shown),  and  other 
survival  molecules,  and  no  changes  in  expression  were 
detected.  Furthermore,  we  evaluated  expression  of  the 
pro-apoptotic  Bad  protein,  a  known  target  of  Akt.  Al¬ 
though  Bad  expression  levels  did  not  differ  between 
Myc83  and  Myc-Myr-Akt  cells  (data  not  shown),  it  was 
difficult  to  determine  the  phosphorylation  status  of  en¬ 
dogenous  Bad  in  these  cells  by  commercially  available 
antibodies. 

Effects  of  pharmacological  inhibitors  of  P13-k/Akt  and 
Mek/Erk  on  Bcl-Xi  protein  expression 

To  test  the  role  of  both  PI3-K/Akt  and  MEK/Erkl/2 
pathways  in  the  regulation  of  Bc1-Xl  expression,  we  eval¬ 
uated  the  effects  of  pharmacological  inhibitors  of  these 
pathways  on  Bc1-Xl  protein  expression,  as  determined  by 
immunoblotting.  These  experiments  were  done  after  48  h 
of  incubation  with  the  respective  compound.  As  shown  in 


Fig,  9A,  treatment  with  the  MEK  inhibitor  U0126  in  the 
presence  (P  =  0.016)  and  absence  (P  =  0.06)  of  EGF 
caused  a  twofold  decrease  in  Bc1-Xl  protein  expression. 
Similarly,  inhibition  of  the  PI3-K/Akt  pathway  with 
LY294002  was  associated  with  twofold  downregulated 
Bc1-Xl  protein  expression,  particularly  when  EGF  had 
been  removed  from  growth  medium  (P  =  0.04)  However, 
treatment  with  a  combination  of  LY294002  and  U0126 
caused  a  highly  significant  threefold  decrease  in  protein 
levels  of  Bc1-Xl  in  the  presence  of  EGF  (P  =  0.003)  and 
absence  of  EGF  (P  =  0.02).  This  indicates  the  impor¬ 
tance  of  both  pathways  in  regulation  of  Bc1-Xl  expres¬ 
sion.  To  test  equal  loading,  blots  were  probed  with  anti¬ 
body  for  a-tubulin  (Fig.  9B). 

Dominant-negative  Akt  and  Erkl  effect  the  expression  of 
Bcl-Xi 

To  obtain  further  independent  evidence  for  the  re¬ 
quirement  of  Akt  and  Erk  signaling  for  expression  of 
Bc1-Xl  in  Myc83,  we  transiently  expressed  DN-Akt  and 
DN-Erkl.  Similar  to  the  PI3-K/Akt  inhibitor  LY294002, 
overexpressed  DN-Akt  induced  Myc83  spontaneous  ap¬ 
optosis  over  a  48-h  period  (data  not  shown),  and  caused 
a  significant  ~40%  reduction  (P  =  0.016)  in  the  expres¬ 
sion  of  Bcl-x^  protein  (Figs.  lOA  and  C).  However,  the 
reduction  of  Bc1-Xl  protein  expression  in  samples  trans¬ 
fected  with  DN-Erkl  was  only  —20%  (P  =  0.06)  (Figs. 
lOA  and  C)  in  comparison  to  vector  control.  The  effects 
of  DN-Erkl  were  less  prominent  in  comparison  to  those 
of  the  specific  MEK  inhibitor  U0123.  To  test  for  equal 
loading  samples  blots  were  reprobed  with  antibody  for 
a-tubulin  (Fig.  lOB). 
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Fig.  lO.  Overexpression  of  DN-Akt  and  Erkl  in  MMECs  caused  a  reduc* 
tion  in  Bc1-Xl  protein.  (A)  Western  immunoblotting  analysis  for  expression 
of  Bc1-Xl  protein  in  Myc83  cells  transiently  transfected  with  vector  con¬ 
trols  (PCIS2  and  pCEP4)  and  DN-Akt  and  DN-Erkl.  (B)  The  equality  of 
the  loading  was  determined  by  reprobing  blots  with  a-tubulin  antibody.  (C) 
R.S.U.,  relative  scan  units  (with  standard  deviations  indicated),  are  used  to 
express  the  densitometrically  measured  Bc1-Xl  signal  to  the  a-tubulin  in 
each  sample.  The  results  are  representative  of  two  independent  assays. 
significantly  different. 


Discussion 

Increased  activation  of  EGFR  [28-31]  and  dysregu- 
lated  expression  of  c-Myc  [1, 2]  are  both  commonly  ob¬ 
served  in  human  breast  cancers.  We  previously  described 
the  dramatic  interaction  of  these  two  tumor-associated 
aberrations  in  a  bitransgenic  model  of  human  mammary 
cancer.  Our  studies  showed  that  EGFR  strongly  sup¬ 
pressed  c-Myc-mediated  apoptosis  by  pro-survival  sig¬ 
naling  [3],  Signaling  pathways  linking  EGFR  to  cellular 
survival  in  the  context  of  inhibition  of  the  pro-apoptotic 
state  induced  by  c-Myc  are  not  well  defined  in  either 
mouse  mammary  or  human  breast  cancer  epithelial  cells. 
We  now  provide  evidence  that  EGF  activates  Akt/PKB 
and  Erkl/2  in  MMECs  that  overexpress  c-Myc,  and  that 
both  pathways  inhibit  c-Myc-mediated  apoptosis,  with 
Akt  providing  stronger  survival  signaling.  These  results 


may  be  specific  for  epithelial  cells  because  in  fibroblasts, 
EGF  did  not  cause  significant  activation  of  Akt,  nor  was 
it  able  to  protect  cells  from  apoptosis  [8]. 

Akt  has  been  shown  previously  to  inhibit  apoptosis  in 
fibroblasts,  neuronal  cells,  hematopoietic  cells,  and  some 
epithelial  cells  [8,9],  but  its  role  in  apoptotic  inhibition  of 
mouse  mammary  and  human  breast  cancer  cells  overex¬ 
pressing  c-Myc  is  unexplored.  Recently,  EGF  has  been 
reported  to  activate  Akt  in  rat  fetal  hepatocytes  [32]  and 
in  two  human  breast  cancer  cell  lines,  MCF-7  and  T47D 
[33].  Our  results  are  among  the  first  demonstrating  the 
importance  of  Akt  activation  in  conveying  survival  sig¬ 
nals  downstream  of  EGFR  in  MMECs  overexpressing 
c-Myc. 

In  the  current  study  we  show  that  constitutively  acti¬ 
vated  Akt  inhibits  apoptosis,  while  upregulating  protein 
levels  of  the  pro-survival  molecule  BcI-Xl-  Furthermore, 
inhibition  of  PI3-K/Akt  and  MEK/Erk  pathways  by  phar¬ 
macological  inhibitors  led  to  a  significant,  threefold  de¬ 
crease  in  Bc1-Xl  protein  expression,  indicating  the  im¬ 
portance  of  both  pathways  in  the  regulation  of  BcI-Xl 
protein.  However,  based  on  the  results  obtained  with 
DN-Akt  and  DN-Erkl,  it  appears  that  Akt  might  have  a 
more  important  role  in  the  regulation  of  Bc1-Xl.  This 
finding  is  consistent  with  our  previous  data,  where  we 
showed  that  EGF  delivers  survival  signaling  in  these 
same  c-Myc-overexpressing  MMECs  in  association  with 
upregulation  of  Bcl-x^,  at  both  the  mRNA  and  protein 
levels  [4].  Similarly,  in  mouse  hepatocytes,  EGF  exerts 
its  anti-apoptotic  action  partially  through  upregulation  of 
Bc1-Xl  [34],  and  EGF  receptor  signaling  inhibits  keratin- 
ocyte  apoptosis  through  increased  expression  of  endog¬ 
enous  mRNA  and  protein  levels  of  Bc1-Xl  [35].  However, 
it  is  not  clear  which  signaling  molecules  downstream  of 
EGFR  are  involved  in  the  upregulation  of  Bc1-Xl.  Our 
results  here  are  the  first  indication  that  Bc1-Xl  could  be 
upregulated  by  Akt  in  models  of  human  breast  cancer. 
Currently,  we  are  in  the  process  of  further  investigating 
this  finding  in  an  attempt  to  elucidate  the  mechanism  by 
which  Akt  upregulates  BcI-Xl* 

Based  on  our  work  it  seems  that,  contrary  to  what  has 
been  found  in  fibroblasts,  Akt  can  regulate  Bcl-x^  ex¬ 
pression  in  mouse  mammary  epithelial  cells.  Similarly,  it 
has  been  reported  that  Akt  promotes  T-lymphocyte  sur¬ 
vival  through  enhanced  expression  of  Bc1-Xl  protein  in 
vivo,  without  affecting  its  mRNA  level  [15].  In  rat  pheo- 
chromocytoma  (PC  12)  cells,  Akt  upregulates  Bcl-2  ex¬ 
pression  through  the  c-AMP  response  element-binding 
protein  [16],  but  any  effect  on  Bcl-x^  has  not  been 
addressed.  Finally,  recent  reports  indicate  that  PI3-K 
activity  can  induce  Bcl-x^  expression,  at  both  the  mRNA 
and  protein  levels  in  Baf-3  cells,  but  this  study  does  not 
implicate  Akt  directly  [36]. 

Bc1-Xl  has  been  shown  to  insert  into  the  mitochondrial 
membrane  and  form  ion  channels  [37],  directly  controlling 
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mitochondrial  cytochrome  c  release  [38].  In  both  prior  stud¬ 
ies,  the  mitochondrial  membrane  potential  was  affected,  and 
apoptosis  was  inhibited  [37,38].  In  some  studies,  Bc1-Xl  has 
been  shown  to  interact  with  caspase  9  and  with  apoptotic 
protease-activating  factor  (APAF-1),  resulting  in  apoptotic 
inhibition  [39].  It  has  been  shown  in  hematopoetic  cells  that 
Akt  and  Bc1-Xl  promote  interleukin-3-independent  survival 
through  distinct  effects  on  mitochondrial  physiology  [40]; 
however,  it  is  not  clear  if  this  is  the  case  in  epithelial  cells, 
including  mouse  mammary  and  breast  cancer  cells.  The 
mechanism  by  which  Akt,  Erk,  and  upregulated  Bcl-x^ 
contribute  to  apoptosis  inhibition  in  our  model  is  currently 
under  investigation.  There  is  a  possibility,  currently  under 
exploration,  that  a  twofold  upregulation  of  Bc1-Xl  protein 
could  play  a  role  in  inhibition  of  cytochrome  c  release  in 
c-Myc-overexpressing  MMECs.  In  fibroblasts,  the  release 
of  cytochrome  c  was  reported  to  be  involved  in  c-Myc- 
induced  apoptosis  [41]. 

Although  the  role  of  Akt  in  human  breast  cancer  and 
MMECs  is  not  completely  understood,  the  role  of  Erk/ 
MAPK  in  transformation  of  mouse  mammary  cells  and  in 
cancerous  human  breast  tissue  is  firmly  established  in  the 
literature  [42].  Here  we  found  that  EGF  activates  Erk  and 
Akt  within  a  similar  time  frame.  In  addition,  we  have 
found  that,  although  potentially  less  potent  than  PI3-K/ 
Akt,  the  MAPK/Erk  pathway  also  delivers  a  survival 
signal  in  Myc83  cells.  Supporting  this  finding,  Erk  has 
been  reported  to  deliver  a  survival  signal  in  human  chon¬ 
drocytes  [43]  and  in  human  neutrophils  [44],  and  it  was 
shown  to  cooperate  with  Akt  in  delivering  survival  signal 
to  MCDK  cells  [26].  Recently,  it  has  been  also  shown 
that  one  of  the  ways  in  which  the  MEK/Erk  pathways 
induce  survival  in  keratinocytes  involves  expression  of 
Bc1-Xl  [28].  Based  on  our  results  here,  we  predict  the 
interaction  of  Akt  and  Erk  in  delivering  survival  through 
common  targets  in  MMECs.  One  such  target  for  both 
pathways  could  be  BcI-Xl- 

In  our  study  we  have  also  noted  a  PI3-K-dependent 
downregulation  of  both  Akt  and  Erk  protein  levels,  resulting 
from  the  prolonged  (24-48  h)  inhibition  of  PI3-K  activity. 
Although  it  was  previously  reported  that  Akt  is  targeted  by 
caspases  during  Fas-induced  apoptosis  of  human  Jurkat 
cells  and  UV-irradiated  U937  cells  [27],  it  seems  that 
caspases  are  not  targeting  Akt  in  Myc83  cells.  Presently,  it 
is  not  clear  what  are  the  reasons  for  these  differences,  but  it 
could  be  potentially  explained  by  the  species  differences.  It 
seems  that  in  Myc83  cells,  the  mechanism  responsible  for 
cleavage  of  both  Akt  and  Erk,  may  not  involve  caspases. 
When  we  blocked  the  activity  of  EGFR  and  Erk/MAPK 
kinase,  we  could  not  detect  Akt  or  Erk  proteolysis  (Fig.  6C), 
despite  the  induction  of  apoptosis  (Figs.  6A  and  B),  Thus, 
the  proteolysis  of  Akt  and  Erk  may  be  dependent  on  selec¬ 
tive  inhibition  of  PI3-K.  In  addition,  it  appears  that  PI3-K 
regulates  the  expression  levels  of  Erkl  as  well.  The  mech- 
anism(s)  of  these  PI3-K  effects  is  not  known  at  present.  Our 


findings  on  Erk  downregulation  are  consistent  with  a  recent 
report,  which  showed  that  the  inhibitors  of  PI3-K  activity 
could  block  the  Erk/MAPK  kinase  signaling  pathway  [45]. 
Also,  PI3-K  has  been  shown  to  control  the  activity  of 
Erk/MAPK  through  Raf,  a  molecule  regulating  Erk  function 
[46]. 

For  the  first  time,  we  have  demonstrated  that  activated 
Akt  and  Erk  could  be  responsible  for  the  EGFR-regulated 
overexpression  of  Bc1-Xl  in  models  of  human  breast 
cancer.  These  findings  may  be  of  importance  considering 
the  unexplored  role  of  both  Akt  and  the  Bc1-Xl  in  mouse 
mammary  tumors  and  human  breast  cancer.  Recently, 
Akt  and  Bc1-Xl  have  both  been  viewed  as  potential  ther¬ 
apeutic  targets  in  several  human  cancers  and  our  findings 
could  be  a  significant  contribution.  Furthermore,  overex¬ 
pressed  Bc1-Xl  protein  is  being  considered  as  a  prognos¬ 
tic  marker  in  a  few  studies  of  breast  carcinomas  where  its 
overexpression  has  been  associated  with  advanced-stage 
disease. 
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